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Strategies for optimizing (minimizing) sample consumption and maximizing data acquisition rates in FT-SFX: towards complete data sets with the fixed target approach
For a practical SFX experiment at XFELs that results a sufficient number of singlecrystal diffraction images for solving a structure two main issues need to be addressed: 1) the required amount of sample needs to be achievable and 2) the time required to collect the minimum required number of diffraction patterns must be short enough to fit within one or a few shifts of a beam time (LCLS shifts are 12 hours; beam times usually last 4-5 shifts). Here we argue that the fixed target approach can help reduce the amount of sample required (compared to liquid jet injection) while still offering data acquisition in reasonable and practical amounts of time. In this context, it is instructive to first briefly review the relationship between "hit rate", required data acquisition time and sample consumption and consider what has been accomplished with regard to these parameters in SFX using the liquid jet based sample introduction at LCLS before suggesting a sampling strategy for the fixed target approach.
Hit rate and optimal sample concentration
The "hit rate" is the probability of hitting a particle (nanocrystal, molecule) with an x-ray pulse resulting in a measureable diffraction pattern (producing, for example, a desired minimum number of Bragg peaks in the image, i.e. hit rate = diffraction patterns / number of x ray shots. The hit rate is related to the concentration of particles in the x-ray interaction volume, i.e., it is dependent on sample concentration, the x-ray beam diameter and the volume of sample solution probed by each x-ray pulse. To compare LJ-SFX with LCLS operating at 120 Hz with FT-SFX, where the XFEL is operated at lower repetition rates, it is more instructive to express the hit rate as hits/second, where hits/second = hit rate * repetition rate of x-ray pulses. In order to minimize the time required to acquire a data set the sample should be concentrated (if possible) to obtain a high hit rate. For most applications, it is desirable to obtain diffraction patterns from single nanocrystals or particles, not from multiple particles in the x-ray beam at the same time. In this case, the ideal sample concentration would be such that the number of single crystal or single particle hits is maximized. For randomly injected or substrate-deposited, uncorrelated particles, the number of particles in the beam at a given time or a given shot is governed by Poissonian statistics. For this case, it can be shown that if the concentration is adjusted to result in the maximum number of single crystal hits, there will be ~37% single crystal hits, ~18.5% double hits, ~9.3% triple hits etc. for a total hit rate of ~63% and a blank rate of ~37%. For LJ-SFX, the hit rate can be made high, in principle, by increasing the nanocrystal concentration in sample solution that is fed into the injector capillary. However, there are often practical limits to increase crystal concentration beyond a certain level because nozzle clogging may occur at too high a nanocrystal concentration and the jet may become unstable as the high-density suspension departs from ideal behavior. This practical limit depends on sample type and crystal size distribution. In general, for most liquid jet based SFX experiments at LCLS to date, experimentally achieved hit rates were typically in the range of 1-10%, corresponding to ~1-10 hits/s (for LCLS operating at 120 Hz), somewhat below the ideal rate.
The required data acquisition time is dependent on the number of good diffraction images needed in order to perform a reconstruction at a desired resolution (i.e., time it takes to acquire a "full data set"), the hit rate during the data acquisition and the fraction of hits that result in indexed patterns. For LJ-SFX, the overall sample consumption is given by the total amount of sample flowing through the x-ray interaction region during the required data acquisition time. Increasing the concentration of nanocrystals in the sample solution will increase the hit rate and reduce the amount of time required for a measurement, but, to first order, not affect the amount of sample consumed. Increased crystal density simply increases the hit rate and reduces the amount of time required to acquire a full data set.
Proposed sampling strategy for FT-SFX experiment
In the following we describe a proposed overall sampling strategy for FT-SFX experiments and outline how the minimally required amount of sample can be calculated given certain assumptions. Overall, this strategy entails three steps: 1) optimize crystal size for a given x-ray focus or x-ray spot size; 2) optimize crystal density in the sample that is probed by x rays to maximize the number of single-crystal hits; and 3) deposit the sample at the proper crystal concentration in spots or lines on a substrate and optimize scanning the x-ray pulses across the sample spots on the substrate to maximize data acquisition speed.
As the starting point we consider the x-ray spot size on the sample and the size of nanocrystals in the sample. In practice, the x-ray spot size is given by the x-ray focus of an instrument, e.g. ~1.3 µm for the "1 µm sample environment" at CXI/LCLS. Moving the sample slightly out of the x-ray focus may increase the effective spot size, but will decrease available x-ray fluence and may distort the x-ray beam profile. In the ideal case, the size of the nanocrystals should roughly correspond to the x-ray spot size. If the crystals are much larger, only a fraction of a crystal in the x-ray beam is probed and, in effect, sample is wasted. If the crystals are much smaller, x rays are "wasted" and the diffraction signal will be smaller, potentially affecting the usefulness of the measured diffraction patterns. Since a perfect overlap of x-ray beam and crystal will be rarely achieved for random sample injection (or random crystal distribution on a substrate) aiming for a crystal size of ~1/2 the x-ray spot size should be a good compromise. Thus for the ~1.3 µm focus in the CXI instrument a desirable crystal size would be around 600-700 nm. This is also a crystal size that has been shown to produce diffraction patterns to molecular resolution with 2 keV x rays [3] . In order to maximize the hit rate to the optimal value (~63 % total hit rate, ~37 % single crystal hits, see above) the sample concentration should be adjusted accordingly, if possible. Even though the distribution of crystals on a substrate will be somewhat random, it is intuitive that this ideal concentration corresponds to a monolayer of crystals on the surface, one crystal per x-ray spot diameter.
In order to estimate the total amount of sample needed to obtain a full data set, some other assumptions have to be made, including an assumption on how many hits will be needed and how large the sample spots on the substrate need to be in order to reproducibly hit them with x-rays as the substrate is scanned or scanned across the x-ray beam. Past practical experience with LJ-SFX experiments indicates that ~100,000 hits and ~10,000 good diffraction patterns are needed for a high quality structure. In an optimized FT-SFX experiment, ~10,000 good hits can be obtained with ~140,000 shots at substrates with sample. As to the mechanical precision with which a substrate can be scanned across the x-ray beam using precision stepper motors and automated motor scripts, our experience shows that the deviations from "desired" shot positions can easily be kept to less than +/-25 µm across a 25 mm wafer, i.e., a sample spot size of 50 µm diameter works fine. (This assumes some simple and brief metrology on the exact orientation of a wafer is performed before it is scanned).
The total minimum amount of sample required can be calculated in the following way (assuming cubic crystals for simplicity):
where m is the total mass of protein consumed during the experiments in grams, protein is the mass density of protein in grams per cubic centimeter, crystals is the size along the edge of the protein crystal in µm, !rystals is the number density of crystals in a deposited spot in number per µL, spot is the volume of the deposited spot in µL, and spots is the total number of deposited spots. The total protein mass can also be calculated from the x-ray focal spot area, x-ray focus in µm 2 , the sample spot area, spot in µm 2 , and sample thickness, t in µm, assuming an optimized crystal density of 1 crystal per interaction volume ( x-ray focus · ), as follows:
For the above assumptions, we find
If sample spots are not deposited in 50 µm circles but in a 50 µm wide strip and x-ray shots are spaced 100 µm apart (e.g. for the fast scanning approach that is described in the results section), the total amount of sample would be about ten times higher,
A way to decrease sample consumption in this linear strip approach would be to use a tighter spacing of subsequent shots of the XFEL. The experiments described here utilized spacing close to 100 µm and this is assumed in the above calculation. However, somewhat smaller spacing may be possible and will be explored. From these calculations it can be seen that the amount of sample required is orders of magnitude lower than what is currently required for some of the liquid jet injection systems. It could be argued that some practical factors were neglected in the above estimate of required sample for FT-SFX (crystal sizes are not uniform, the distribution in a sample spot might not be purely statistical etc.). On the other hand, the assumptions made on required mechanical precision for the scanning across sample substrates were based on already achieved performance and there is clearly room for improvement with better sample stages and positional / motion control. Overall, sample consumption in the ballpark of the estimate above should be easily achievable in FT-SFX. One important factor to control, though, is the crystal size since the sample consumption scales with the crystal volume. The estimated low sample consumption can only be achieved if the crystal size is matched to the x-ray spot size. Supplementary Fig. 1 : Supplementary Fig. 1 : Solid support used for fixed-target measurements (top view). 50 nm Si 3 N 4 was deposited onto the (100) face of a 200 µm thick Si crystal and 200 µm x 8,400 µm windows were lithographically etched into the Si crystal leaving 50 nm thick Si 3 N 4 membranes through which the x rays were shot during the experiment.
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